Dielectric and optical properties of ͑ZrO 2 ͒ x ͑SiO 2 ͒ 1−x dielectric thin films, grown on Si͑100͒ by the atomic layer deposition method, were studied by means of reflection electron energy loss spectroscopy ͑REELS͒. The quantitative analysis of REELS spectra was carried out by using the quantitative analysis of electron energy loss spectra-͑k , ͒-REELS software to determine the dielectric function and optical properties by using an analysis of experimental REELS cross sections from the simulated energy loss function ͑ELF͒. For ZrO 2 , the ELF shows peaks in the vicinity of 10, 15, 21, 27, 35, 42, and 57 eV. For SiO 2 , a broad peak at 23 eV with a very weak shoulder at 15 eV and a shoulder at 34 eV were observed, while for Zr silicates ͑x = 0.75 and 0.5͒, the peak position is similar to that of ZrO 2 . For Zr silicates with high SiO 2 concentration ͑x = 0.25͒, the peak positions are similar to that of SiO 2 , but the peak at 42 eV, which is due to excitation of Zr N 2,3 shell electrons, still exist. This indicates that the dielectric and optical properties of ZrO 2 thin films are dominating the dielectric and optical properties of Zr silicates even for high SiO 2 concentrations. In addition, the inelastic mean free path ͑IMFP͒ was also calculated from the theoretical inelastic cross section. The IMFP of Zr silicates increases with increasing Zr composition in Zr silicates, and they also increase with increasing primary energy. The method of determining the dielectric and optical properties and IMFP from the ELF turns out to be a convenient tool for ultrathin high-k materials.
I. INTRODUCTION
Silicon dioxide ͑SiO 2 ͒ has been used as a gate oxide in complementary metal-oxide semiconductor ͑CMOS͒ because of its stable SiO 2 / Si interface as well as electrical insulation property. Recently, the rapid shrinkage of transistor feature size has forced the equivalent thickness of gate oxides to be reduced to subnanometer size in CMOS devices. SiO 2 as a gate oxide material will soon face the fundamental limit due to high leakage and tunneling currents through the gate oxide. In order to avoid these physical phenomena, the gate oxide thickness should be increased by adopting high-k gate dielectric materials. 1 The basic selection criteria for a gate oxide material are ͑i͒ large dielectric constant, ͑ii͒ a proper band offset to Si as large as or comparable to that of silicon dioxide ͑especially the electron injection barrier͒, ͑iii͒ thermodynamic stability in contact with Si substrate.
2 As a consequence of arduous search for materials satisfying the above criteria, transition metal oxides such as HfO 2 ͑Refs. 2-5͒ and ZrO 2 , 5, 6 and their compound with SiO 2 have been proposed as the most promising high-k dielectrics. In fact, the Zr based dielectrics are vigorously studied as one of the promising candidates for high-k gate dielectrics. However, their dielectric and optical properties were virtually unknown. Hence, it is worthwhile to investigate the dielectric and optical properties of Zr silicates by means of a quantitative analysis of the reflection electron energy loss spectroscopy ͑REELS͒ spectra. In our previous work, 7 we studied the band alignment for Zr silicates, in which we showed that the band gap, conduction band offset and valence band offset for Zr silicate thin films were similar to those of a ZrO 2 thin film. At this point, we mention that REELS has been successfully used in obtaining the electronic properties of ultrathin dielectric films, [5] [6] [7] [8] [9] it provides us a straightforward way to evaluate the dielectric properties of nanodielectric thin films. 10 Dielectric and optical properties of nanosize gate dielectric thin films are essential to our search for good gate oxide materials in the CMOS devices. Hence, in this work, we have focused our attention to the dielectric and optical properties of nanothickness Zr silicate gate oxide thin films through quantitative analysis of REELS spectra.
II. EXPERIMENT
ZrO 2 and ͑ZrO 2 ͒ 1−x ͑SiO 2 ͒ x thin films were grown on p-Si ͑100͒ substrate by atomic layer deposition method. Prior to growing mixed oxide films, p-type Si substrates were cleaned by using the Radio Corporation of America ͑RCA͒ method.
11 Zr͓N͑CH 3 ͒͑CH 2 CH 3 ͔͒ 4 and SiH͓N͑CH 3 ͒ 2 ͔ 3 were used as precursors for ZrO 2 and SiO 2 , respectively, and O 3 vapor served as oxygen source. The films were grown in N 2 ambiance, which was supplied as the purge and carrier gas. The substrate temperature was below 300°C during the thin film deposition. The physical thickness of deposition was 7 nm. REELS spectra were obtained by using the VG ES-CALAB 210 with LaB 6 electron gun and recorded at a constant pass energy mode of 20 eV. The incident angle of primary electrons and take-off angles of reflected electrons were 55°and 0°from the surface normal, respectively. The primary electron energies were 0.5, 1.0, 1.5, and 2.0 keV and the primary electron beam current for REELS spectrum was less then 5 nA for all energies in REELS measurement. The energy resolution, given by the full width at half maximum of the elastic peak of backscattered electrons, was about 0.8 eV, and the energy loss range was measured up to 100 eV.
III. RESULTS AND DISCUSSION
We have studied the dielectric and optical properties of the thin films through a quantitative analysis of the electron energy-loss spectra with the Tougaard-Yubero QUEELS-͑k , ͒-REELS software package. 5, 8, 10, [12] [13] [14] The model used in this software takes into account the inelastic scattering of electrons as they travel through the vacuum above the surface, the surface region, and the bulk region of a solid, and it also takes into account the interference effects between these excitations. 14 In this model, all excitations are described by the dielectric function ͑k , ͒ of the material, which is the only input in the theoretical calculation of inelastic scattering cross section. Comparison of the theoretical inelastic scattering cross section to that from an experiment allows us to determine the dielectric function of a gate oxide thin film. The experimental cross section K expt ͑ប͒ times the corresponding inelastic mean free path ͑IMFP͒ , in the form of K expt , is deduced from the measured REELS spectrum after correcting for the multiple scattering contributions by the formula of Tougaard et al. 15 The theoretical inelastic scattering cross section is then calculated from the dielectric response theory. 12, 14 Assuming that the inelastic process follows a Poisson distribution, the single inelastic scattering cross section K sc ͑E 0 , ប͒ can be evaluated from the inelastic scattering cross section averaged over all possible paths traveled by an electron that has been inelastically scattered only once. Here, E 0 is the primary electron energy and ប is the energy lost by an electron in a scattering event. In this model, the response of a material to a moving electron is described by the dielectric function ͑k , ͒, which is conveniently described by the energy loss function ͑ELF͒ Im͑−1 / ͒. To evaluate the ELF, we parameterized it as a sum of Drude-Lindhard type oscillators, which is described in Refs. 12 and 16 as follows:
where the dispersion relation is given in the form
Here, A i , ␥ i , ប i , and ␣ i are the oscillator strength, damping coefficient, excitation energy, and momentum dispersion coefficient of the ith oscillator, respectively, and បk is the momentum transferred from the REELS electron to the solid. The dependence of 0ik on k is generally unknown, but we can use Eq. ͑2͒ with ␣ i as an adjustable parameter. The step function ͑ប − E g ͒ is included to describe the effect of energy band gap E g in semiconductors and insulators. Here,
The band gap was estimated from the onset value of REELS spectrum ͑see Fig. 1͒ as described in our previous paper. 5, 7, 8 The experimental inelastic cross sections after background subtraction were fitted with fitting parameters of the A i , ␥ i , ប i , and ␣ i , until good agreement with the calculated inelastic cross section at several primary electron energies. The ELF Im͑−1 / ͒ is adjusted to make sure that it fulfills the well-established Kramers-Kronig sum rule, [14] [15] [16] 
Here, n is the index of refraction in the static limit. Figure 2 shows the experimental K expt from REELS spectra, which is compared with the theoretical K sc by using the QUEELS-͑k , ͒-REELS software. The parameters in the ELF ͓Eq. ͑1͔͒ were determined via a trial-and-error procedure, until a satisfactory quantitative agreement is reached. Note that, in all the calculation, the same ELF was used for all energies in each composition of Zr silicates. The agreement between the theoretical results and experimental results is quite good for all energies for each material, and, hence, the experimentally observed variation in energy is well described by the theory. A small peak below the band gap ͑ϳ5 eV͒ of each material, where the theory predicts no peak in this region, are due to the fact that the algorithm of Tougaard 14 subtracted the background from the REELS spectra using step function for the region between 0 eV and the band gap. The dielectric loss functions for Zr silicate dielectric thin films were obtained from REELS spectra for the primary electron energies of 0.5, 1.0, 1.5, and 2.0 keV.
The resulting oscillator parameters of the ELF yield the theoretical K sc in good agreement with the experimental K expt for all energies studied. The oscillator strengths were renormalized to fulfill the Kramers-Kronig sum rule ͓Eq. ͑3͔͒. The obtained parameters for the ELF of ZrO 2 , Zr silicate, and SiO 2 thin film, listed in Table I , are plotted in Fig.  3 for a wide energy range ͑0-80 eV͒. The values of the momentum dispersion coefficient ␣ i are related to the effective mass, e.g., ␣ i Ϸ 0 for insulator and ␣ i Ϸ 1 for metals. 5, 8, 10 In accordance with this, we found that good fits were obtained with ␣ i = 0.02 for all oscillators. The ELF Im͑−1 / ͒ and the surface ELF ͑SELF͒ Im͓−1 / ͑1+͔͒ for Zr silicates obtained by using these parameters are shown in Fig. 3 . The ELF and SELF spectra for ZrO 2 and SiO 2 thin films are shown in Fig. 3͑b͒ . As can be seen in the figure, the intensity, the peak position, and the shape of SELF are clearly different from that of ELF.
The ELF for ͑ZrO 2 ͒ 0.75 ͑SiO 2 ͒ 0.25 has seven oscillators in the vicinity of 10.5, 14.8, 20.5, 26, 34.5, 41.5, and 57 eV, which are similar to those for ZrO 2 . The main difference is that the position of the oscillator at 42 eV is shifted to a lower energy by about 0.5 eV. For ͑ZrO 2 ͒ 0.50 ͑SiO 2 ͒ 0.50 , the peak positions are similar to those for ͑ZrO 2 ͒ 0.75 ͑SiO 2 ͒ 0.25 with the small shift in the oscillators at 20.5-21.5 eV, 41.5- 40.5 eV, and there is no oscillator at 57 eV for this composition. Intensities of the oscillators at 15 and 41.5 eV decrease with decreasing amount of Zr in silicate, while those around 18-30 eV increase with decreasing amount of Zr in the Zr silicates. For ͑ZrO 2 ͒ 0.25 ͑SiO 2 ͒ 0.75 , the peak positions are close to those for SiO 2 as we anticipated, but the peak at 40.5 eV, which is due to ZrO 2 , still exists. This result shows that the peak at 42.0 eV from ZrO 2 thin film is due to the excitation of electrons from Zr N 2,3 shell and have a strong effect on the electronic structure of Zr silicates. We also determined the optical properties such as the index of refraction n, and the extinction coefficient from the ELF. The real part Re͕1 / ͖ can be obtained from the imaginary part of the ELF by making use of KramersKronig relations. The real and imaginary parts of the dielectric function are as follows
The index of refraction n and the extinction coefficient are given in terms of the dielectric function as follows: Figures 4 and 5 show the optical properties for Zr silicate dielectrics thin films, which were determined from the ELF in Fig. 3 . Figure 4 shows the real part 1 and imaginary part 2 ͑corresponding to the absorption spectrum͒ of the dielectric function. The main peak for the real part of the dielectric function 1 is at 7.6 eV for ZrO 2 and at 11.3 eV for SiO 2 thin film, and that for the imaginary part of the dielectric function 2 is at 9 eV for ZrO 2 and at 13 eV for SiO 2 thin film. In the absorption spectrum, which is related to 2 , the strong absorption below the main peak is associated with the transition of the valence band electrons into the unoccupied d states in the conduction bands. 18 The main peaks are shifted only 0.2-0.6 eV to higher energy loss position with decreasing amount of ZrO 2 in Zr silicate compounds. This indicates that the dielectric functions are not linearly dependent on the amount of SiO 2 in Zr silicate compounds. The dielectric functions for Zr silicate thin films, even when they contain 75 % SiO 2 , are close to that of ZrO 2 thin film rather than that for SiO 2 thin film. Figure 5 shows the index of refraction and the extinction coefficient for these gate oxides. The main peaks of n and among the Zr silicate thin films are similar to those of ZrO 2 thin films even though a large amount of SiO 2 is incorporated into the ZrO 2 thin films. There are only tiny energy shift of the peaks in 1 , 2 , n, and in Zr silicates compared with those of ZrO 2 thin films. These results lead to the conclusion that ZrO 2 have a strong effect on the dielectric and optical properties of Zr silicate dielectrics.
From the ELF, the IMFP can be obtained. This is of high interest because the IMFP is very important for the quantitative analysis of electron spectroscopy. Up to now, the published data on the IMFP are rather limited, and the IMFP on compound and alloy systems are rare. Figure 6 shows the comparison of the theoretical inelastic scattering cross section K sc for these materials at the primary beam energy of 0.5 and 2.0 keV. Inelastic electron scattering cross section K sc is defined as the probability that the electron loses energy ប per unit energy loss and per unit path length traveled in the solid, and this includes surface, bulk, and interference excitation effects. Due to interference effects, surface excitations cannot be separated from an experimental inelastic cross section but can be calculated individually from the following expression:
19-21
where K s is the inelastic electron scattering cross section owing to the surface, K inf is the inelastic electron scattering cross section for electrons moving in an infinite medium ͑owing to bulk excitation͒. The inelastic electron scattering cross sections K sc and K inf calculated with the QUEELS-͑k , ͒-REELS software for Zr silicates gate dielectrics are shown in Fig. 6 . As the primary beam energy increases, the inelastic cross section generally decreases. When the primary energy becomes lower, the difference and thereby K s becomes larger because the probability for surface excitations is higher. We also observe from Fig. 6 that, with lower primary energy, the intensities of the peaks at about 10-15 eV are enhanced relative to the peaks at about 40-50 eV, which is consistent with the SELF in Fig. 3 . In this work, we determined sc and inf from the inverse of the theoretically determined cross section as defined in the form 5, 8, 10, [19] [20] [21] 
Here, sc is the IMFP estimated from the cross section which includes both surface, bulk, and interference excitations, and inf is the IMFP estimated with the cross section of the bulk excitation. These IMFP results for SiO 2 , Zr silicates, and ZrO 2 thin films with the primary electron energy of 2.0, 1.5, 1.0, and 0.5 keV are shown in Table II . The IMFP of SiO 2 is larger than that of ZrO 2 . For the Zr silicates, IMFPs increase with decreasing Zr composition in Zr silicates, and they also increase with increasing primary energy. The IMFP values for the SiO 2 and ZrO 2 thin films estimated from the experimental inelastic scattering cross sections were compared with TPP−2M , values which are calculated from the TanumaPowell-Penn ͑TPP-2M͒ formula. 22 As can be seen in Table  II , the sc values for ZrO 2 and SiO 2 are about 10%-20% larger than those obtained from TPP-2M, but the inf values are in good agreement with those of TPP-2M. These differences between the experimentally obtained IMFP and TPP-2M IMFP could be due to surface inelastic scattering cross section which is included in the experiment value sc , but it is not included in TPP−2M . The IMFP estimated from the quantitative analysis of REELS provides a straightforward way to obtain the IMFP values for alloy thin films. We mention that this method was recently applied to determine the IMFP sc of transition metals and ultrathin dielectric thin films. 5, 8, 10 
IV. CONCLUSIONS
The dielectric and optical properties of Zr silicate thin films have been obtained from a quantitative analysis of experimental REELS spectra. The dielectric functions were obtained by comparison to detailed dielectric response model calculations using the QUEELS-͑k , ͒-REELS software package From this, it is concluded that the d states of Zr have a strong effect on the electronic structure of Zr silicates, even when we incorporate up to 75 % SiO 2 into ZrO 2 .
The peak shapes and loss positions of ELF, 1 , 2 , n, and indicate that the ZrO 2 have a strong effect on the dielectric and optical properties of Zr silicate dielectric thin films. The IMFPs of the films were also determined and they increase with decreasing Zr composition in Zr silicates, and they also increase with increasing primary energy. In summary, we have demonstrated that the applied procedure for a quantitative analysis of REELS provides us with a straightforward way to determine the dielectric and optical properties and IMFP of high-k thin film materials. 
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